Introduction 49
Long chain polyunsaturated fatty acids (LC-PUFA) which include eicosapentaenoic 50 acid (EPA; 20:5n-3), docosahexaenoic acid (DHA; 22:6n-3) and arachidonic acid 51 (ARA; 20:4n-6) are important for energy, cellular membrane integrity, signaling and 52 transcriptional regulation (Jump, 2002) . In humans, sufficient consumption of n-3 LC-53
PUFA is required to ensure healthy cardiovascular functions, anti-inflammatory 54 activities and control of psychiatric diseases (de Deckere, 2001 , Arts et al., 2001 . In 55 vertebrates, LC-PUFA can be obtained from dietary intake or conversion of C18 56 polyunsaturated fatty acids (PUFA). Aquatic organisms are rich sources of EPA and 57
DHA for terrestrial inhabitants due to the presence of primary producers having de 58 novo PUFA or in some cases, LC-PUFA biosynthesis activities (Arts et al., 2001 , 59 Gladyshev et al., 2009 . Subsequent consumers occupying different trophic levels, 60
will further convert PUFA into LC-PUFA. Since aquatic organisms are the main 61 source of LC-PUFA for human population, there is considerable appeal to understand 62 the dietary intake and bioconversion PUFA to LC-PUFA in species occupying 63 different trophic levels (De Troch et al., 2012 , Guo et al., 2017 . 64
Capacity for LC-PUFA biosynthesis requires a gamut of fatty acyl desaturases 65 (Fads) and elongases of very long-chain fatty acid (Elovl) enzymes, functioning in a 66 sequential manner to insert a double bond at specific locations of the fatty acyl 67 backbone and to elongate the fatty acyl chain, respectively. Numerous efforts to 68 isolate and functionally characterize these enzymes from a diverse range of fish 69 species have outlined the extent of the diversification of Fads and Elovl (Castro et al., 70 2016 , Garrido et al., 2019 . In vertebrates, depending on species, several routes are 71 employed for conversion of linolenic acid (LNA) or linoleic acid (LA) to DHA or 72 ARA, respectively. From LNA to EPA, the Δ 6 pathway involves a Δ 6 desaturation, 73 followed by elongation and Δ 5 desaturation. Another route commence with an 74 elongation step, followed by Δ 8 and Δ 5 desaturation. From EPA, DHA can be 75 produced using the `Sprecher pathway' where two elongation steps lead to the 76 production of 24:5n-3, followed by a Δ 6 desaturation and finally a β -oxidation 77
cleaving (Sprecher et al., 1995) . A more direct route involving an elongation step 78 followed by Δ 4 desaturation was also unravelled in various taxa groups (Li et al., 79 2010) . 80
Majority of the characterised Fads and Elovl in vertebrates are from bony fish 81 (Leaver et al., 2008) . These work stem from the desire to understand elucidate the 82 consequence of using LC-PUFA-poor vegetable oils as dietary lipid source in 83 aquafeeds. In comparison to most tetrapods which possess fads1 and fads2, Teleostei 84 only possess fads2 ortholog (Castro et al., 2016) . Depending on species, teleostei 85
Fads2 with Δ 6, Δ 5, Δ 8 and Δ 4 activities have been reported, in unifunctional, 86 bifunctional or multi-functional orthologs (Hastings et al., 2001 , Hastings et al., 2004 , 87 Tocher et al., 2006 , Kuah et al., 2016 . As for elongases, elovl5 is the principal 88 ortholog isolated from various teleost species and is primarily responsible for the 89 elongation of C18 and C20 PUFA substrates. Another ortholog, the elovl2 elongase 90 participates in the Sprecher pathway and is limited to small number of species 91 (Morais et al., 2009 , Monroig et al., 2009 , Oboh et al., 2016 , Machado et al., 2018 . 92 The diversification of teleost Fads and Elovl is postulated to be the outcome of 93 species adaptation towards the availability of LC-PUFA in their respective natural 94 diet (Morais et al., 2012) . 95 Mudskippers (Order: Perciformes; Family: Gobiidae) are the largest group of 96 amphibious teleost species adapted for terrestrial living through modifications of 97 respiration, ammonia metabolism, vision, immunity and locomotion (You et al., 98 2014) . All mudskippers belong to a monophyletic clade, classified under the 99 subfamily Oxudercinae comprising of 10 genus and 43 species (Murphy and Jaafar, 100 2017). Within this family, four main genus Periophthalmus, Periophthalmodon, 101 Boleophthalmus and Scartelaos represent different levels of adaptations towards 102 terrestrial life (You et al., 2014) . Boleophthalmus boddarti (Pallas, 1770) or Boddart's 103 goggle-eyed mudskipper, is an amphibious gobiid mudskipper inhabiting brackish 104 waters of mudflats during high tides (Clayton and Wright, 1989 ). This species is 105 widely distributed in the Indo-Pacific estuarine regions (Parenti and Jaafar, 2017) . 106 While studies on fatty acid composition in sediments, trees, thraustochytrids, molluscs 107 and crustaceans from mangrove ecosystems have been reported, the conversion and 108 transfer of LC-PUFA through different trophic level is still poorly understood 109 (Prosper et al., 2003 , Coelho et al., 2011 . The elucidation of the capacity of 110 mudskippers for LC-PUFA biosynthesis can potentially provide insights on the 111 importance of LC-PUFA in mudflat environment. In view of the non-existence 112 information on the LC-PUFA biosynthesis capacity in gobies, the isolation and 113 functional characterisation of a Fads and Elov5 from B. boddarti are reported here. 114
115
Materials and Methods 116 117
Fish collection and tissue sample preparation 118
Blue-spotted mudskippers B. boddarti were collected from Manjung, Perak, Malaysia 119 (4°10'22"N , 100°39'07"E). Animals were anesthetized with tricaine 120 methanesulfonate (MS-222) prior to dissection. Brain, eye, gill, heart, intestine, liver 121 and skin tissues were dissected for total RNA isolation, kept in RNAlater® solution 122
(Ambion, USA) and stored at -80 °C. according to the manufacturer's protocol with primers listed in Table 1 using the  195 pGEM®-T Easy vector containing the B. boddarti elovl5 sequence as template (Table  196 1). Plasmid extracted from the positive clone was digested and ligated into pYES2 197
vector. The sequence of this P57Q construct was confirmed by DNA sequencing prior 198 to transformation into S. cerevisiae. In vitro assay to determine the functional 199 capacity of the mutated B. boddarti was carried out as described above.
201
Total lipid extraction and FAME analysis via GC-MS 202
Total lipids were extracted from harvested yeast cells via sonication in a mixture of 203 chloroform and methanol at ratio of 2:1 (v/v), followed by methylation and 204 transesterification using boron trifluoride in methanol. The resulting fatty acid methyl 205 esters (FAME) were analysed and quantified using a GC-MS QP2010 Ultra gas 206 chromatograph-mass spectrometer (Shimadzu, USA), equipped with a BPX70 high-207
polarity fused-silica capillary column (60 m length, 0.25 mm inner diameter, 0.25 μm 208 film thickness; SGE, USA). Helium was supplied as carrier gas and oven temperature 209 was programmed from 100 °C to 210 °C at a rate of 2 °C/min and held at 210 °C for 210 30 min. Temperatures of the injector and detector were set at 250 and 230 °C, 211 respectively. Individual FAME was identified through mass spectrometry based on 212 the NIST08s mass library (Shimadzu, USA) and GC retention time. Desaturation or 213 elongation conversion efficiencies of respective added fatty acid were calculated as of this Fads2 contained all the characteristic features of a microsomal fatty acyl front-261 end desaturase, such as a N-terminal cytochrome-b5 domain with a heme-binding 262 motif HPGG, three histidine-rich boxes and four transmembrane regions ( Fig. 1) . In 263 addition, a four amino acid residues FHLQ corresponding to PUFA substrate 264 selectivity was identified within the third transmembrane region. The position of the 265 cloned B. boddarti Fads on the phylogenetic tree revealed a strong grouping with 266
Fads2 from other Teleostei representatives (Fig. 2) S. cerevisiae inserted with PYES2 vector without the ORF insert contained 16:0, 293 16:1n-7, 18:0 and 18:1n-9, fatty acids which are endogenous in the yeast ( Fig 5) . 294
Yeast transformed with B. boddarti Fads2 cultured with addition of LNA and LA 295 showed presence of the C18:4n-3 and C18:3n-6, the respective Δ6 desaturation 296 products of the two substrates, albeit at low activity levels (Table 3) . As for the rest of 297 the substrates, no desaturation product was obtainedTherefore, the cloned B. boddarti 298
Fads is a unifunctional Δ 6 Fads2 with low activities. 299
Yeast transformed with B. boddarti Elovl5 and incubated with either of the C18 300
PUFA substrates showed elongation into C20 and C22 PUFA products ( Fig 6) . C20 301 PUFA substrates were also elongated to C22 and C24 products (Table 3) . Incubation 302 with 22:5n-3 or 22:4n-6 also yielded C24:5n-3 (18.6 + 2%) and C24:4n-6 (7.0 + 1%), 303
respectively. Collectively, these results confirm the cloned B. boddarti elongase is an 304 Elovl5 elongase with a broad range of substrate elongation capacity. The conversion 305
activities of C18 and C20 PUFA are higher than the C22 substrates. Among the analysed tissues, brain showed the highest expression of fads2, although 313 statistically, the expression was similar with liver. The remaining tissues showed 314 statistically similar expression levels ( Fig. 7) . As for elovl5, highest level of 315 transcript was observed in intestine. 316 317
Effect of P57Q mutation on elongation activities of B. boddarti Elovl5 318
Findings from the in vitro elongation assay revealed the B. boddarti elovl5 is 319 capable of elongating C22 PUFA substrates, in addition to C18 and C22 substrates 320 typically elongated by teleost Elovl5. We identified a glutamine (Q) residue that 321 seems to be conserved in Elovl5 and appears to be substituted by a proline (P) residue 322
in Elovl2 (Table 4 ). There was a significant increase of 331 elongation of ARA to C22:4n-6. 332 333
Fatty acid composition of mudskipper tissues 334
DHA concentration was highest in the two neuron-rich organs, eye and brain (Table  335 5). In addition, there was also a substantial level of DHA deposition in muscle tissue. 336
As for EPA, high concentrations were obtained in gill, gonad, intestine and liver. 337
Highest deposition of ARA was in intestine and muscle. Tissues with highest 338 composition of LNA and LA were gonad and liver, respectively. Saturated fatty acids 339
were abundant in heart, while total monounsaturated fatty acids were highest in brain 340 tissue. 341 342
In silico discovery of Fads and Elovl from different mudskipper species 343
Besides the cloning and characterisation of the B. boddarti Fads2 and Elovl5, we also 344
performed an in silico search on relevant orthologs from the published genome 345 sequences of B. pectinirostris, S. histophorus, P. schlosseri and P. magnuspinnatus. 346
Search reveals B. pectinirostris, P. schlosseri and P. magnuspinnatus has a single fads 347 and elovl orthologs, respectively ( with carnivorous representatives of closely related species, which led to the 480 suggestion that phylogenetic position could also be responsible for 481 subfunctionalisation of Fads2 in teleost (Garrido et al., 2019) . B. boddarti is 482 designated mostly as algae and diatom feeder, with the latter containing significant 483 levels of LC-PUFA (Khoo, 1996 , Ravi, 2013 . This species is not an obligatory 484 herbivore as polychaetes, nematodes, teleost eggs and detritus have been found in 485 stomachs of captured fishes (Khoo, 1996 , Ravi, 2013 . Among factors leading to 486 dietary shift in B. boddarti are monsoon season and ontogenic development (Ravi, 487 2013) . Therefore, the wide-range of available natural diets very likely provide 488 sufficient supply of LC-PUFA to fulfil the requirements of mudskipper, rendering the 489 biosynthesis pathway inconsequential. Existing literature also indicates the 490 biosynthesis and accumulation of LC-PUFA at various trophic levels of the mangrove 491 environment (Hall et al., 2006 , Jaseera et al., 2019 . A current concern is the 492 prediction of reduced LC-PUFA production in phytoplankton due ocean warming and 493 its downstream impact on higher consumers with limited LC-PUFA biosynthesis 494 capacity, relying mainly on food webs as source (Hixson and Arts, 2016, Vagner et 495 al., 2019) . 496
The ability of the B. boddarti Elovl5 to elongate C22 substrates provide the 497 opportunity to determine a particular amino acid residue that could be key for 498 substrate specificity or optimal enzymatic activity. We speculate that the residue P at 499 position 57 of the B. boddarti Elov5, which is identical with teleost Elovl2 elongase 500 from multiple species, could be imperative for the elongation of C22 PUFA substrate. 501
While replacement of P with Q did reduce the conversion percentage of C22:5n-3 to 502 C24:5n-3, there was also an unexpected decrease in the elongation of C18 and C20 503 substrates as well. Therefore, this particular residue is likely to be important for 504 elongation of C18, C20 and C22 substrates. Previously, a cysteine (C) residue was 505 regarded as essential for elongation of C22 PUFA elongation in rat Elovl2 (Gregory et  506 al., 2013). An attempt to substitute a tryptophan (W) residue with C at the equivalent 507 position in sea lamprey Elovl2 incapable of C22 yielded a small but measurable 508 product of C22 PUFA elongation, (Monroig et al., 2016) . In relation to this, both 509
Elovl5 elongases of B. boddarti and S. caniculatus have the ability to elongate C22 510 substrates despite having a W residue at this position. Collectively, all these findings 511
suggest there are yet to be discovered amino acid residue essential for specificity 512 towards C22 PUFA substrates. 513
The notable presence of B. boddarti fads2 transcript in brain tissue is similar to 514 findings from many marine and freshwater species (Monroig et al., 2013 , Ren et al., 515 2013 , Tanomman et al., 2013 , Wang et al., 2014 , Kuah et al., 2016 , Janaranjani et al., 516 2018 , Xie et al., 2018 . Given the importance of DHA in neuronal-rich tissues such 517 as brain and eye, having the endogenous capacity for LC-PUFA biosynthesis is 518 advantageous when supply from dietary intake is insufficient. As for B. boddarti 519 elovl5, although expression can be found in brain, the level in intestine, a known 520 endodermal organ for LC-PUFA biosynthesis activities was also significant. This is 521 comparable to expression patterns in orange-spotted grouper and meagre, where brain 522 was the tissue with highest level of fads2 while liver or intestines are major sites for 523
elovl5 (Monroig et al., 2013 , Li et al., 2014 , Li et al., 2016 . The detection of fads2 in 524 B. boddarti gill tissues are similar to findings in Japanese eel and Atlantic salmon 525 (Wang et al., 2014 , Lemmetyinen et al., 2013 . Salmonid gill filaments produce a 526 wide range of eicosanoid derivatives important for regulation of water permeability in 527 epithelial layers by modulating the ion and electrolyte balance (Knight et al., 1995) . 528
In gills of European seabass, desaturation activity was suggested to be an mechanism 529
to adjust gill PUFA composition as response to water temperature changes (Skalli et 530 al., 2006) . The fads2 and elovl5 in mudskipper gill could be necessary for 531 maintaining the right balance of LC-PUFA composition crucial to support amphibious 532 lifestyle. 533
Among all tissues, highest levels of DHA were detected in eye and brain which 534 reassert the importance of n-3 LC-PUFA for neuronal activities. An important 535 adaptation for terrestrial conquest in mudskippers is efficient aerial vision (Sayer, 536 2005 You, X., Bian, C., Zan, Q., Xu, X., Liu, X., Chen, J., Wang, J., Qiu, Y., Li, W., Zhang, X., 868 Sun, Y., Chen, S., Hong, W., Li, Y., Cheng, S., Fan, G., Shi, C., Liang, J., Tom Tang, Y.,
869
Yang, C., Ruan, Z., Bai, J., Peng, C., Mu, Q., Lu, J., Fan, M., Yang, S., Huang, Z., Jiang, 870 X., Fang, X., Zhang, G., Zhang, Y., Polgar, G., Yu, H., Li, J., Liu, Z., Zhang, G., Ravi, V., RcFads2  TRHPGGLRVISHYAGEDATEAFAAFHPDPTFVQKFLKPLQIGELAASEPSQDRNKNAAII 110  MeFads2  KRHPGGFRVINHYAGEDATEVFSAFHPDQKFVQKFLKPLLIGELAATESSQDRNKNAEII 107  DrFads2  KRHPGGLRILGHYAGEDATEAFTAFHPNLQLVRKYLKPLLIGELEASEPSQDRQKNAALV 102  SsFads2  KRHPGGIRVISHFAGEDATDAFVAFHPNPNFVRKFLKPLLIGELAPTEPSQDHGKNAVLV 102  BpFads2  TRHPGGFRLIQHYAGEEATEAFSAFHRDVTFVQKFLKPLLIGELSPEEPSQDRNKKAEVV 120  BbFads2 TRHPGGFRLIQHYAGEDATEAFSAFHRDVTFVQKFLKPLLIGELSPEEPSQDRNKNAEVV 108 Danio rerio (Dr, AAG25710.1), Rachycentron canadum (Rc, ACJ65149.1), Salmo salar (Ss, AAR21624.1) and Menidia estor (Me, AHX39206.1). Identical, strongly and weakly similar residues are marked with asterisks, colons and full stops, respectively. The cytochrome-b5 domain is underlined with a solid line while the four putative transmembrane regions are underlined with dotted lines. The three histidine boxes and the heme-binding motif are labeled. Residues corresponding to substrates specificity and regioselectivity are highlighted in green and yellow. *Non-methylene interrupted FA (20:4 could be Δ5,11,14,17 20:4 or Δ6,11,14,17 20:4 while 20:3 could be Δ5,11,14,17 20:3 or Δ6,11,14,17 20:3). Table 5 Fatty acid composition (% of total fatty acids) of various tissues of Boleophthalmus boddarti. SFA = Saturated fatty acid; MUFA = Monounsaturated fatty acid; PUFA = Polyunsaturated fatty acid. The results are presented as the means ± SEM (n = 3).
